
Association of HER2DX with pathological complete response 
and survival outcomes in HER2-positive breast cancer

#,main corresponding authors: Prof. Aleix Prat, University of Barcelona, Barcelona, Spain. alprat@clinic.cat; twitter: @prat_aleix ; 
Prof. Sara Tolaney, Chief, Division of Breast Oncology, Dana-Farber Cancer Institute; sara_tolaney@dfci.harvard.edu; twitter: 
@stolaney1.
Author contributions
Villacampa, Prat, Paré had full access to all the data in the study and take responsibility for the integrity of the data and the accuracy of 
the data analysis.
Concept and design: Prat.
Acquisition, analysis, or interpretation of data: Martin, Prat, Tolaney, Paré, Villacampa, Galvan, Brasó-Maristany, Waks, Mittendorf, 
DeMichele, Carey, Parker, Perou, Vivancos, Villagrasa.
Drafting of the manuscript: All authors.
Critical revision of the manuscript for important intellectual content: All authors.
Statistical analysis: Paré, Villacampa.
Administrative, technical, or material support: Martin, Prat.
Supervision: Tolaney, Prat.

Conflicts of Interest Disclosure
G.V has received a speaker’s fee from MSD, Pfizer, GSK and Pierre Fabrer, has held an advisory role with AstraZeneca and received 
consultant fees from Reveal Genomics. C. B-M received honoraria as speakers’ honoraria from Roche, Novartis, Lilly, M.S.D and 
AstraZeneca and G.S.K and Travel Grant from Roche, Novartis and Pfizer. I.E. reports Speaker fees from Roche, Teva, Novartis, 
Pfizer, Lily and advisory role from Lilly and Astrazeneca. S.L-T reports consulting or advisory role fees from AstraZeneca, Novartis, 
Roche, Pfizer, Pierre Fabre, Lilly, Seagen, Daichii-Sankyo Europe GmbH, Gilead Sciences, MDS, GlaxoSmithKline, Veracyte and 
speakers Bureau fees from Lilly. T.M. reports consulting or advisory boards fees from AstraZeneca, Novartis, Roche, GSK and travel 
grants from Novartis and Astra Zeneca. Y.J. reports consultant or advisory role fees from Novartis, Pfizer, Roche, and AstraZeneca, 
she received speaker honoraria from Roche, Novartis, Lilly and AstraZeneca, travel and trainnig grants from Roche, Novartis, Pfizer, 
and Lilly. JA.G-S reports consulting and advisory services fees for Seagen, Gilead, Sanofi. Consultancy/speaker fees from Novartis, 
Celgene, Eli Lilly, EISAI, AstraZeneca, Daiichi Sankyo, MSD, Pierre Fabre. Institution research funding from AstraZeneca and 
travel support from Novartis, Roche, Pfizer. F.M. reports consulting or advisory role fees from Roche/Genentech, Novartis, Pfizer, 
AstraZeneca, MSD, Daiichi Sankyo/Astrazeneca and speakers' bureau fees from Pfizer. Travel, Accommodations, Expenses from 
Roche/Genentech, Daiichi Sankyo/Astra Zeneca. A.R-L reports consultant Fees from Roche, AstraZeneca, Pfizer, Seagen, Novartis, 
Lilly, AstraZeneca and Pierre-Fabré and Speaker Bureau fees from Daiichi-Sankyo, Msd and Gilead. AI.B. reports consulting or 
advisory fees from Pfizer, Novartis, Seagen, Roche, Pierre Fabre. Travel and accommodations fees from Pfizer. A.P. reports advisory 
and consulting fees from Roche, Pfizer, Novartis, Amgen, BMS, Puma, Oncolytics Biotech, MSD, Guardant Health, Peptomyc and 
Lilly, lecture fees from Roche, Pfizer, Novartis, Amgen, BMS, Nanostring Technologies and Daiichi Sankyo, institutional financial 
interests from Boehringer, Novartis, Roche, Nanostring, Sysmex Europa GmbH, Medica Scientia Innovation Research, SL, Celgene, 
Astellas and Pfizer; stockholder and consultant of Reveal Genomics, SL; A.P. is also listed as an inventor on patent applications for the 
HER2DX assay. C.M.P is an equity stockholder and consultant of BioClassifier LLC, and for Reveal Genomics. C.M.P is also listed 
as an inventor on patent applications for the Breast PAM50 assay. J.S.P is an equity stockholder and consultant for Reveal Genomics 
and is also listed as an inventor on patent applications for the Breast PAM50 assay. F.B-M. has a patent application EP21383165. 
L.P is listed as an inventor on patent PCT/EP2021/070788. F.S. has no competing financial and non-financial interests. EAM 
reports compensated service on scientific advisory boards for AstraZeneca, Exact sciences (formerly Genomic Health), Merck, Roche/
Genentech; uncompensated service on steering committees for Bristol Myers Squibb, Lilly, and Roche/Genentech; and institutional 
research support from Roche/Genentech (via SU2C grant) and Gilead. She receives research funding from Susan Komen for the Cure 
for which she serves as a Scientific Advisor. She also reports uncompensated participation as a member of the American Society 
of Clinical Oncology Board of Directors. SMT has served as a consultant for: Novartis, Pfizer, Merck, Lilly, Nektar, NanoString 
Technologies, AstraZeneca, Puma Biotechnology, Genentech/Roche, Eisai, Sanofi, Bristol Myers Squibb, Seattle Genetics, Odonate 
Therapeutics, OncoPep, Kyowa Hakko Kirin, Samsung Bioepis, CytomX Therapeutics, Daiichi Sankyo, Athenex, Gilead, Mersana, 
Certara, Chugai Pharma, Ellipses Pharma, Infinity, 4D Pharma, OncoSec Medical Inc., BeyondSpring Pharmaceuticals, OncXerna, 
Zymeworks, Zentalis, Blueprint Medicines, Reveal Genomics, ARC Therapeutics; SMT has received institutional research funding 
from Genentech/Roche, Merck, Exelixis, Pfizer, Lilly, Novartis, Bristol Myers Squibb, Eisai, AstraZeneca, NanoString Technologies, 
Cyclacel, Nektar, Gilead, Odonate Therapeutics, Sanofi, Seattle Genetics. M.M. reports Research grants from PUMA; consulting/
advisory fees from Roche, Novartis, AstraZeneca, Daiichi-Sankyo, Seagen, Lilly, Sanofi; speakers’ honoraria from Seagen, Lilly, 
AstraZeneca, Pfizer, Daiichi-Sankyo, Roche. Leadership or fiduciary role in other board, society, committee, or advocacy group, paid 
or unpaid: Chairman, GEICAM Member of Board of Directors, TRIO. The rest of authors declare no conflict of interest. AGW 
receives institutional research funding from Genentech/Roche, Macrogenics, and Merck.

HHS Public Access
Author manuscript
Ann Oncol. Author manuscript; available in PMC 2023 December 21.

Published in final edited form as:
Ann Oncol. 2023 September ; 34(9): 783–795. doi:10.1016/j.annonc.2023.05.012.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://@prat_aleix
http://@stolaney1


Guillermo Villacampa, MsC1,2, Nadine M. Tung, MD3, Sonia Pernas, MD PhD4, Laia Paré, 
PhD5, Coralia Bueno-Muiño, MD6, Isabel Echavarría, MD PhD7, Sara López-Tarruella, MD 
PhD8, Marta Roche-Molina, PhD9, María del Monte-Millán, BSc7, Mercedes Marín-Aguilera, 
PhD5, Fara Brasó-Maristany, PhD10, Adrienne G. Waks, MD11,12,13, Tomás Pascual, MD1,10, 
Olga Martínez-Sáez, MD PhD10, Ana Vivancos, PhD14, PierFranco Conte, MD PhD15,16, 
Valentina Guarneri, MD PhD15,16, Maria Vittoria Dieci, MD PhD15,16, Gaia Griguolo, MD 
PhD15,16, Javier Cortés, MD PhD17, Antonio Llombart-Cussac, MD PhD18, Montserrat 
Muñoz, MD PhD10, Maria Vidal, MD PhD10, Barbara Adamo, MD PhD10, Antonio C Wolff, 
MD19, Angela DeMichele, MD20, Patricia Villagrasa, PhD5, Joel. S. Parker, PhD21, Charles M. 
Perou, PhD21, Aranzazu Fernandez-Martinez, MD PhD21, Lisa A. Carey, MD21, Elizabeth A. 
Mittendorf, MD, PhD11,12,13,22, Miguel Martín, MD PhD8, Aleix Prat, MD, PhD5,10,23, Sara M. 
Tolaney, MD, MPH11,12,13

1SOLTI Breast Cancer Research Group, Barcelona, Spain

2Oncology Data Science, Vall d’Hebron Institute of Oncology, Barcelona, Spain

3Beth Israel, Boston, USA

4Medical Oncology Department, Catalan Institute of Oncology, 08908, L'Hospitalet de Llobregat, 
Barcelona, Spain

5Reveal Genomics, Barcelona, Spain

6Medical Oncology Department, Hospital Infanta Cristina (Parla), Fundación de Investigación 
Biomédica del H.U. Puerta de Hierro, Majadahonda, 28009 Madrid, Spain

7Department of Medical Oncology, Hospital General Universitario Gregorio Marañón, Instituto de 
Investigación Sanitaria Gregorio Marañón, CiberOnc, Madrid, Spain

8Medical Oncology Department, Hospital General Universitario Gregorio Marañón, Instituto 
de Investigación Sanitaria Gregorio Marañon (IiSGM), CIBERONC, Geicam, Universidad 
Complutense, 28007 Madrid, Spain

9Department of Medical Oncology, Hospital General Universitario Gregorio Marañón Instituto de 
Investigación Sanitaria Gregorio Marañón, Madrid, Spain

10Translational Genomics and Targeted Therapies in Solid Tumors, August Pi i Sunyer Biomedical 
Research Institute (IDIBAPS), Barcelona, Spain; Department of Medical Oncology, Hospital Clinic 
of Barcelona, Spain

11Medical Oncology, Dana-Farber Cancer Institute, Boston, MA, USA

12Breast Oncology Program, Dana-Farber Brigham Cancer Center, Boston, MA, USA

13Harvard Medical School, Boston, MA, USA

14Cancer Genomics Group, VHIO, Barcelona, Spain

15Department of Surgery, Oncology and Gastroenterology, University of Padova, Padova, Italy

16Istituto Oncologico Veneto, IRCCS, Padova, Italy

17International Breast Cancer Center, Pangaea Oncology, Quirónsalud Group, Barcelona, Spain

Villacampa et al. Page 2

Ann Oncol. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



18Arnau de Vilanova Hospital, Universidad Católica de Valencia, Valencia, Spain

19Department of Oncology, Johns Hopkins University School of Medicine, Baltimore, USA

20Department of Oncology, University of Pennsylvania, Philadelphia, USA

21Lineberger Comprehensive Cancer Center; Department of Genetics, University of North 
Carolina at Chapel Hill, Chapel Hill, USA

22Division of Breast Surgery, Department of Surgery, Brigham and Women’s Hospital, Boston, 
MA, USA5

23Institute of Oncology (IOB)-Quirón, Barcelona, Spain

Abstract

Purpose: The HER2DX genomic test predicts pathological complete response (pCR) and 

survival outcome in early-stage HER2+ breast cancer. Here, we evaluated the association of 

HER2DX scores with 1) pCR according to hormone receptor status and various treatment 

regimens, and 2) survival outcome according to pCR status.

Methods: Seven neoadjuvant cohorts with HER2DX and clinical individual patient data 

were evaluated (i.e., DAPHNe, GOM-HGUGM-2018-05, CALGB-40601, ISPY-2, BiOnHER, 

NEOHER and PAMELA). All patients were treated with neoadjuvant trastuzumab (n=765) in 

combination with pertuzumab (n=328), lapatinib (n=187) or without a second anti-HER2 drug 

(n=250). Event-free survival (EFS) and overall survival (OS) outcomes were available in a 

combined series of 268 patients (i.e., NEOHER and PAMELA) with a pCR (n=118) and without a 

pCR (n=150). Cox models were adjusted to evaluate whether HER2DX can identify patients with 

low- or high-risk beyond pCR status.

Results: HER2DX pCR score was significantly associated with pCR in all patients (odds-

ratio [OR] per 10-unit increase=1.59, 95% CI 1.43-1.77; AUC=0.75) with or without dual 

HER2 blockade. A statistically significant increase in pCR rate due to dual HER2 blockade 

over trastuzumab-only was observed in HER2DX pCR-high tumors treated with chemotherapy 

(OR=2.56, 1.29-5.20). A statistically significant increase in pCR rate due to multi-agent 

chemotherapy over a single taxane was observed in HER2DX pCR-medium tumors treated with 

dual HER2 blockade (OR=3.11, 1.54-6.49). The pCR rates in HER2DX pCR-low tumors were 

≤30.0% regardless of treatment administered. After adjusting by pCR status, patients identified 

as HER2DX low-risk had better EFS (p<0.001) and OS (p=0.006) compared to patients with 

HER2DX high-risk.

Conclusion: HER2DX pCR-score and risk-score might help identify ideal candidates to receive 

neoadjuvant dual HER2 blockade in combination with a single taxane in early-stage HER2+ breast 

cancer.

Keywords

HER2; breast cancer; HER2DX; pertuzumab; pathological complete response; neoadjuvant; 
genomics; biomarker
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Neoadjuvant systemic therapy is standard for patients with clinical stage II-III HER2+ 

breast cancer1,2. The pathological complete response (pCR) rates are 29-46% following 

trastuzumab in combination with chemotherapy3-5. The addition of a second anti-HER2 

agent, such as pertuzumab or lapatinib, to trastuzumab and chemotherapy increases pCR 

rates by 10-20%, albeit with modest improvements in long-term survival3,5-8. Nonetheless, 

patients with HER2+ disease who experience a pCR have better long-term survival 

outcomes than those without a pCR9,10. This observation seems valid irrespective of the 

type of systemic therapy received before surgery9,11-13. In patients who do not achieve a 

pCR, adjuvant T-DM1 improves invasive disease-free survival compared to trastuzumab14; 

thus, pCR is a highly clinically meaningful endpoint for multiple reasons.

Several clinical questions remain unanswered regarding the optimal neoadjuvant treatment 

approach in HER2+ breast cancer. For example, who benefits from pertuzumab when added 

to trastuzumab and chemotherapy is still unclear. In addition, it is unclear what the optimal 

chemotherapy backbone in combination with dual HER2 blockade is. The DAPHNe phase 

II trial treated 98 patients with stage II-III HER2+ disease with 3 months of paclitaxel, 

trastuzumab and pertuzumab (THP), with no further chemotherapy in 98% of patients 

who achieved a pCR15. The CompassHER2-pCR (NCT04266249) and the Decrescendo 

(NCT04675827) phase II clinical trials are currently evaluating survival outcomes following 

neoadjuvant THP and adjuvant HP only in the context of pCR across >3,000 patients. 

Thus, upfront identification of patients likely to benefit from a de-escalated chemotherapy 

treatment strategy such as THP might be clinically important.

The HER2DX genomic test16 is a single 27-gene expression and clinical feature-based 

classifier which provides two independent scores to predict both long-term prognosis 

and likelihood of pCR in patients with HER2+ early breast cancer. The assay integrates 

biological information tracking immune response, luminal differentiation, tumor cell 

proliferation and expression of the HER2 17q12-21 chromosomal amplicon, including the 

ERBB2 gene, with clinical information (i.e., tumor size and nodal status)16. The prognostic 

value of HER2DX was shown in 1,341 patients across 5 datasets, and the ability to 

predict pCR following trastuzumab-based therapy was demonstrated in 558 patients across 4 

datasets, including 127 tumor samples from the ISPY-2 clinical trial, which evaluated HP in 

combination with anthracycline/taxane-based chemotherapy17, and 263 tumor samples from 

CALGB-40601, which evaluated paclitaxel with trastuzumab, lapatinib or the combination 

of both HER2 targeting drugs16. More recently, the HER2DX pCR score has been validated 

in 80 tumor samples from the DAPHNe neoadjuvant trial18, and a Spanish study of 

155 patients treated with neoadjuvant docetaxel, carboplatin, trastuzumab with or without 

pertuzumab (i.e., GOM-HGUGM-2018-05 [GOM] cohort)19.

Here, we combined HER2DX and clinical data from ISPY-2, CALGB-40601, DAPHNe, 

GOM BiOnHER, NEOHER and PAMELA cohorts to test the ability of the HER2DX pCR 

score to predict pCR across different subgroups of patients. Specifically, we focused on two 

clinically relevant questions: who benefits from the addition of a second anti-HER2 agent, 

pertuzumab or lapatinib, as dual therapy with trastuzumab and chemotherapy, and who 

benefits from multi-agent chemotherapy over a single agent taxane when treated with dual 

HER2 blockade. Finally, we tested the ability of the HER2DX risk score to predict survival 

Villacampa et al. Page 4

Ann Oncol. Author manuscript; available in PMC 2023 December 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT04266249
https://clinicaltrials.gov/ct2/show/NCT04675827


outcome according to pCR status in a combined dataset (i.e., NEOHER and PAMELA) with 

long-term follow-up.

Methods

ISPY-2 cohort

The ISPY-2 phase II trial17 adaptively randomized 128 patients with clinical stage II to III 

HER2+ breast cancer to 4 cycles of T-DM1 (3.6 mg/kg iv every 3 weeks) in combination 

with pertuzumab (n=52) or THP (n=45), or a common control arm of weekly paclitaxel (80 

mg/m2) and trastuzumab for 12 weeks (n=31). All patients received 4 cycles of doxorubicin 

(60 mg/m2) and cyclophosphamide (600 mg/m2) intravenously, every 2–3 weeks, before 

surgery (Fig. S1). The results of the HER2DX assay in ISPY-2 have been previously 

reported in 127 patients (99.2%)16.

CALGB-40601 cohort

The CALGB-40601 study3,7 is a phase III clinical trial that randomized 305 women with 

untreated stage II and III HER2+ breast cancer to receive weekly paclitaxel (80 mg/m2) for 

16 weeks combined with trastuzumab plus 1,000 mg/day of lapatinib (THL), trastuzumab 

(TH), or lapatinib (TL) (Fig. S1). The results of the HER2DX assay are available in 263 

patients (86.2%).

DAPHNe cohort

DAPHNe is a prospective investigator-initiated, single-arm phase II study, where 98 patients 

were assigned to receive preoperative paclitaxel (80 mg/m2 weekly for 12 weeks) in 

combination with trastuzumab and pertuzumab (THP)15 (Fig. S1). The HER2DX results 

for 80 patients (81.6%) in DAPHNe are reported elsewhere18.

GOM cohort

GOM is an ongoing retrospective observational study since 2018 of consecutive patients 

with newly diagnosed stage I-III HER2+ breast cancer who were candidates for neoadjuvant 

therapy across 7 public hospitals in Spain. All patients received 6 cycles of docetaxel 75 

mg/m2 iv every 3 weeks in combination with carboplatin AUC of 6 iv every 3 weeks 

and trastuzumab every 3 weeks (TCH). Once neoadjuvant pertuzumab was reimbursed in 

Spain, most patients received TCH in combination with pertuzumab 840 mg iv loading 

dose, followed by pertuzumab every 3 weeks (TCHP) depending on high-risk tumors at the 

clinician discretion and/or according to the hospital’s criteria for availability of the drug 

(Fig. S1). The results of the HER2DX assay are available in 155 patients and are reported 

elsewhere19.

BiOnHER cohort

BiOnHER is a single arm phase II trial performed at the Institute of Oncology (Barcelona, 

Spain), where 46 patients with clinical stage II to III HER2+ were treated with 1 cycle of 

trastuzumab and pertuzumab without chemotherapy, followed by weekly paclitaxel for 16 
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weeks in combination with tratuzumab and pertuzumab every 3 weeks (THP) (Fig. S1). The 

results of the HER2DX assay are available in all patients.

PAMELA cohort

SOLTI-1114 PAMELA was an open-label, single-group, phase II trial of 151 patients with 

HER2+ breast cancer, stage I–IIIA and a performance status of 0-120. Patients were given 

lapatinib (1,000 mg per day) and trastuzumab for 18 weeks; hormone receptor-positive 

patients were additionally given letrozole (2.5 mg per day) or tamoxifen (20 mg per day) 

according to menopausal status (Fig. S1). Treatment after surgery was left to treating 

physician discretion. The results of the HER2DX assay are available in 84 patients (55.6%) 

and are reported elsewhere16. For this analysis, the median follow-up was 6.4 years.

NEOHER cohort

NEOHER is based on two retrospective cohorts from Hospital Clinic of Barcelona and 

Padova University. Patients with early-stage HER2+ breast cancer and a performance 

status of 0-1 were treated, as per standard practice, with neoadjuvant trastuzumab-based 

chemotherapy for 3-6 months, followed by surgery (Fig. S1). Adjuvant treatment was 

completed with trastuzumab for up to 1 year, and a minimum of 5 years of hormonal therapy 

for patients with hormone receptor-positive tumors. Only 14 patients with residual disease 

at surgery received adjuvant T-DM1. Radiation therapy was administered according to local 

guidelines. The results of the HER2DX assay are available in 184 patients and are reported 

elsewhere16. For this analysis, the median follow-up was 5.9 years.

TCGA dataset

Clinical, genetic (i.e., somatic mutations), genomic (i.e., gene expression) and proteomic 

data from the breast cancer TCGA dataset was obtained from cbioportal21. HER2DX pCR 

score was applied onto RNA-seq data of 161 HER2+ tumors.

HER2DX assay

HER2DX was evaluated in tumor samples from pre-treatment baseline samples. In the 

GOM, BiOnHER, NEOHER, PAMELA and DAPHNe cohorts, the HER2DX standardized 

assay was performed using RNA extracted from FFPE tissue, as previously described16,18,19. 

In ISPY-2, CALGB-40601, HER2DX was applied onto publicly available microarray data 

(GSE181574) and mRNAseq data respectively (dbGaP website, under accession number 

phs001570.v3.p1), as previously described16. From FFPE RNA, the HER2DX standardized 

assay was performed on the nCounter platform (NanoString Technologies, Seattle, WA, 

USA). The HER2DX assay is based on 4 different gene signatures comprising 27 genes, 

including the 14-gene immunoglobulin (IGG) module (i.e., CD27, CD79A, HLA-C, IGJ, 
IGKC, IGL, IGLV3-25, IL2RG, CXCL8, LAX1, NTN3, PIM2, POU2AF1 and TNFRSF17). 

The other 3 genes signatures were: a 4-gene tumor cell proliferation signature (EXO1, 
ASPM, NEK2 and KIF23), a 5-gene luminal differentiation signature (BCL2, DNAJC12, 
AGR3, AFF3 and ESR1), and the 4-gene HER2 amplicon signature (ERBB2, GRB7, 
STARD3 and TCAP)16. Two scores were calculated for each patient i) HER2DX pCR score 

and ii) HER2DX risk score (both from 0 up to 100). Pre-established cut-offs were used to 
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create HER2DX pCR groups [low [0, 33.3), medium [33.3-66.7) and high [66.7-100)], and 

also to create HER2DX risk groups [low [0, 50) and high [50,100)]16.

Statistical analyses

The first objective was to evaluate the association of the HER2DX pCR score with pCR 

status. Univariable and multivariable logistic regression models were used to investigate the 

association for each variable with pCR in terms of odds-ratios (ORs) with 95% confidence 

interval (95% CI). All variables evaluated in the univariable analysis were included in the 

multivariable model. The first multivariable analysis used multiple imputation of random 

missing values using the mice R package (Table S1). Additionally, two sensitivity analysis 

were performed i) without data imputation and ii) excluding data from CALGB-40601, 

ISPY-2, NEOHER and PAMELA cohorts because they were included in the original 

HER2DX validation. The association of the HER2DX pCR score with pCR was also 

evaluated in several clinically relevant subgroups of patients: 1) patients treated with 

chemotherapy and trastuzumab, 2) patients treated with chemotherapy and dual HER2 

blockade, 3) patients treated only with dual HER2 blockade 4) patients with hormone 

receptor (HR)-positive disease and 5) patients with HR-negative disease. To summarize 

the overall effect, a patient-level analysis was performed adjusting by cohort. In all 

analyses, 57 patients who did not receive neoadjuvant trastuzumab (i.e., the TL arm from 

CALGB-40601) and 116 tumor samples from NEOHER which were used for building the 

HER2DX pCR score (i.e., training dataset)16 were excluded. Across the 7 cohorts, pCR was 

defined as ypT0/isN0.

The second objective was to evaluate the predictive ability of the HER2DX pCR score 

to identify patients who will achieve pCR to dual HER2 blockade when given with 

chemotherapy. The third objective was to assess the predictive capacity of HER2DX pCR 

score to identify patients who benefit from multi-agent chemotherapy in the context of 

taxane-based therapy and dual HER2 blockade. Interaction tests, adjusted by cohort, were 

used to evaluate the different effect of treatment according to HER2DX pCR groups. The 

fourth objective was to explore the biology of the HER2DX pCR groups using HER2+ 

tumor samples from TCGA breast cancer project21,22. To validate the performance of the 

HER2DX pCR score, the area under the ROC curve (AUC), the area under the precision-

recall curve, and calibration plots were calculated23.

Finally, we evaluated the ability of the HER2DX risk-score to predict survival outcome 

according to pCR status. Event-free survival (EFS) and overall survival (OS) were available 

in 268 patients from the NEOHER and PAMELA cohorts. The Kaplan-Meier method was 

used to estimate survival outcomes at 6-years. Cox proportional-hazard models were used 

to obtain hazard ratios (HRs) in i) the overall population after adjusting by pCR status, ii) 

pCR only and iii) non-pCR only. The median follow-up was calculated using the reverse 

Kaplan-Meier method. For all statistical analyses, the significance level was set at two-sided 

alpha of 0.05 and all analyses were performed using R statistical software version 4.1.2.
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Results

Clinical-pathological features

Seven hundred sixty-five patients with available pre-treatment baseline HER2DX and 

clinical data were available across 7 cohorts (Fig. S2). Mean age was 51.6 years (range, 

22-86), clinical T1 disease represented 21.2%, clinical node-positive disease (cN1-3) 

represented 46.5%, and 63.7% of tumors were HR-positive (Table 1). Patients were treated 

with neoadjuvant trastuzumab in combination with multi-agent chemotherapy (n=337), a 

single taxane (n=344), no chemotherapy (n=84), pertuzumab (n=328), lapatinib (n=187) 

or without a second anti-HER2 drug (n=250). The overall pCR rate was 49.9% (95% CI 

46.3-53.5): 40.7% (36.4-45.3) in patients with HR-positive disease, 66.1% (60.1-71.6) in 

patients with HR-negative disease, 46.0% (39.7-52.4) in patients treated with chemotherapy 

and trastuzumab, 29.8% (20.5-40.9) in patients treated with dual HER2 blockade in the 

absence of chemotherapy and 56.1% (51.3-60.9) in patients treated with chemotherapy 

and dual HER2 blockade. Among patients with chemotherapy and dual HER2 blockade 

(n=431), the pCR rate with pertuzumab or lapatinib as a second anti-HER2 agent was 56.7% 

(51.1-62.1) and 54.4% (44.3-64.1), respectively.

HER2DX pCR score versus pCR

In the combined cohort, HER2DX pCR score (as a continuous variable from 0 to 100) 

was significantly associated with pCR (odds-ratio [OR] per 10-unit increase=1.59, 95% 

CI 1.43-1.77, p<0.001) after adjusting for treatment and clinicopathological factors (Fig. 

1A). Similar results were obtained in the sensitivity analysis (Table S2). The ability of 

HER2DX pCR score to predict pCR was confirmed in patients treated with dual HER2 

blockade and chemotherapy or trastuzumab and chemotherapy, and within HR-positive 

and HR-negative disease (Fig. 1B-C). Calibration plots comparing predicted and observed 

probabilities showed a correct calibration performance (Fig. 1D). The AUC for HER2DX 

pCR score was 0.75 (95% CI 0.72-0.79) (Fig. 1E, all populations), 0.78 (chemotherapy 

and dual HER2 blockade), 0.70 (chemotherapy and trastuzumab), 0.75 (HR-positive) and 

0.70 (HR-negative) (Fig. S3). The area under the precision-recall curves was 0.73 for all 

populations (Fig. S4).

To better stratify patients in clinical practice, the predefined cut-offs were used to classify 

patients in HER2DX pCR groups. The proportion of tumors in HER2DX low-, medium- 

and high-pCR groups was 33.6%, 32.2% and 34.2% in the overall population, 49.8%, 

35.4%, 14.8% in the HR-positive population, and 5.1%, 26.4%, 68.6% in the HR-negative 

population, respectively. The pCR rates in HER2DX pCR-high, pCR-medium and pCR-low 

groups were 74.0%, 55.3% and 20.2% (high vs. low: OR=15.14, 95% CI 9.83-23.79, 

p<0.001).

HER2DX pCR score and dual HER2 blockade response

Among patients who received chemotherapy (n=681), 431 patients (63.3%) received dual 

HER2 blockade and 250 (36.7%) received trastuzumab alone. The overall pCR rate in 

patients treated with and without dual HER2 blockade was 56.1% and 46.0% (i.e., delta of 

10.1%, OR=1.50, 95% CI 1.10-2.06, p=0.01). This difference in pCR rates is consistent with 
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the known effect of adding lapatinib or pertuzumab to trastuzumab and chemotherapy in 

other randomized trials such as NeoSphere5, NSABP-B4124 and NeoALTTO25.

The pCR rates with and without dual HER2 blockade differed according to HER2DX 

pCR score (Fig. 2A). In patients with HER2DX pCR-high, -medium, and -low disease, 

the difference in pCR rates with dual blockade versus single anti-HER2 were 17.6%, 5.4% 

and 4.6% in favor of dual HER2 blockade, respectively. A significant increase in pCR 

rate due to dual HER2 blockade was only found in HER2DX pCR-high tumors (OR=2.36, 

95% CI 1.09-5.42, p=0.03) but not in HER2DX pCR-medium or low tumors (Fig. 2B). 

However, the interaction tests after adjusting by cohort type did not reach statistically 

significance (HER2DX pCR-high versus others, p=0.130; HER2DX pCR-high versus pCR-

low, p=0.070).

HER2DX pCR score and multi-agent chemotherapy response

Among the 431 patients receiving dual HER2 blockade and chemotherapy, 229 (53.1%) 

received a single taxane and 202 (46.9%) received multi-agent chemotherapy. The overall 

pCR rate in patients treated with dual HER2 blockade with and without multi-agent 

chemotherapy was 58.4% and 54.1% (i.e., delta of 4.3%, OR=1.19, 95% CI 0.81-1.74, 

p=0.37). The pCR rates with and without multi-agent chemotherapy differed according to 

HER2DX pCR score. In patients with HER2DX pCR-high, -medium, and -low disease, 

the difference in pCR rates (with multi-agent chemotherapy versus a single taxane) were 

−4.5%, 25.5% and −3.2%, respectively. A significant increase in pCR rate due to multi-

agent chemotherapy was only found in HER2DX pCR-medium tumors (OR=3.11, 95% CI 

1.54-6.49, p=0.002) but not in HER2DX pCR-high or low tumors (Fig. 2C). A statistically 

significant interaction was observed between HER2DX pCR-medium group and the other 

groups after adjusting by cohort type (p=0.001).

Overall, the value of HER2DX pCR groups to identify patients who benefit from multi-

agent chemotherapy and dual HER2 blockade was independent of clinicopathological 

characteristics (Fig. 3A, Fig. 1A).

Biology associated with HER2DX pCR score

To explore the biological differences among HER2DX pCR groups, we interrogated the 

HER2DX test as well as genomic and proteomic data from 161 HER2+ tumors of the TCGA 

breast cancer dataset21,22 (Fig. 3B). At the DNA level, TP53 somatic mutations were found 

in 56.0%, 38.0% and 9.3% of HER2DX pCR-high, -medium and -low tumors (p<0.001). 

No statistically significant differences across the HER2DX pCR groups were observed 

regarding PIK3CA mutations. At the RNA level, 3,033 of 12,369 (24.5%) genes were found 

differentially expressed across the HER2DX pCR groups (false discovery rate <1%). The 

significant genes generally tracked the 4 biological processes identified by the HER2DX 

assay (i.e., luminal differentiation, proliferation, HER2 amplicon and immune). As expected, 

HER2DX pCR-high tumors showed the highest expression of the HER2 amplicon-related 

genes, immune genes, and proliferation-related genes, and the lowest expression of luminal 

genes. Finally, we evaluated the protein expression of HER2 and estrogen receptor by 

reverse-phase protein arrays across the HER2DX pCR groups. Concordant with the gene 
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expression results, HER2DX pCR-high tumors showed the highest and lowest expression of 

HER2 and ER, respectively (Fig. 3B).

HER2DX risk score beyond pCR status

To evaluate the ability of HER2DX risk score to identify patients with lower risk of 

recurrence irrespective of pCR status, survival outcomes were evaluated in 268 patients 

treated with (neo)adjuvant trastuzumab-based therapy with long-term follow-up (NEOHER 

and PAMELA cohorts, median follow-up of 6.2 years). In this cohort, pCR status showed a 

tendency for association with better EFS (HR=0.43, 95% CI 0.18-1.02, p=0.06) (Fig. 4). The 

HR estimate of 0.43 in our study is consistent with previous studies9,10. Of note, only 14 

(9.3%) patients with residual disease at surgery received adjuvant T-DM1.

To evaluate the clinical utility of the HER2DX risk score, the predefined risk cut-off was 

used to classify patients in HER2DX low-risk vs high-risk. Among patients who achieved 

a pCR (n=118), the 6-years EFS for patients with HER2DX low- and high-risk disease 

was 98.1% and 89.4%, respectively. Among patients who did not achieve a pCR (n=150), 

EFS outcomes were also better for HER2DX low-risk patients compared to HER2DX 

high-risk patients (EFS at 6 years of 93.5% vs 78.8%) (Fig. 4). In the multivariable analysis, 

HER2DX risk group was statistically associated with EFS (low vs high risk, HR= 0.19, 95% 

CI 0.07-0.49, p<0.001) and OS (low vs high risk, HR= 0.13, 95% CI 0.03-0.56, p=0.006) 

after adjusting by pCR (Table S3; Fig. S5).

Discussion

We present the largest study to date of the HER2DX as a predictor of pCR following 

neoadjuvant trastuzumab-based chemotherapy. Specifically, we confirm that the HER2DX 

pCR score is significantly associated with pCR independent of the type of chemotherapy and 

anti-HER2 therapy, and HR status. Importantly, we confirm that pCR rates of 80-90% can 

be achieved in patients with HER2DX pCR-high disease following a single taxane and dual 

HER2 blockade. In addition, multi-agent chemotherapy does not seem to increase the pCR 

rate in HER2DX pCR-low or high tumors but does in pCR-medium tumors.

The underlying biological explanation of our observations is that HER2DX pCR-high 

tumors are the most HER2 addicted, the most proliferative, the most immune infiltrated and 

the ones with the lowest expression of luminal features. These biological features have been 

previously linked to response to HER2-directed therapy and chemotherapy sensitivity, even 

within HER2+/HR-positive disease26-29. On the other extreme, the pCR rates in HER2DX 

pCR-low disease are ≤30% whether dual HER2 blockade and/or multi-agent chemotherapy 

are administered. The underlying biological explanation is that this group of tumors is 

the least HER2 addicted, the least proliferative and the least immune infiltrated, while it 

has the highest expression of luminal features16. These biological features are linked to 

resistance to anti-HER2 therapy and chemotherapy but linked to sensitivity to endocrine 

therapy26-29. Finally, the HER2DX pCR-medium group has an intermediate biological state, 

and multi-agent chemotherapy is particularly active in this group of tumors and increases the 

pCR rate over a single taxane. Of note, each HER2DX pCR group represents approximately 

one third of patients with early-stage HER2+ breast cancer.
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Upfront identification of patients with early-stage HER2+ breast cancer who benefit the 

most from neoadjuvant dual HER2 blockade is needed. Despite FDA and EMA approval of 

(neo)adjuvant pertuzumab in clinically high-risk HER2+ breast cancer, the absolute increase 

in pCR rates in unselected patients with stage II-III disease is ≤20%5. Similar results 

are observed in randomized trials with chemotherapy and trastuzumab with or without 

lapatinib3,24,25. In addition, the absolute increase in invasive disease-free survival when 

1-year of adjuvant pertuzumab or lapatinib is added to trastuzumab-based chemotherapy is 

small6,8,30, except for pertuzumab in node-positive disease in the APHINITY trial (delta 

of 4.9% at 8-years)6,30. Moreover, no overall survival benefit has been observed in any 

subgroup in APHINITY30.

In the context of early-stage HER2+ breast cancer, an important clinical consideration is 

determining which patients may be eligible for neoadjuvant therapy and can safely transition 

from multi-agent chemotherapy to single-agent taxane-based therapy. Neoadjuvant THP is 

currently not recommended by clinical guidelines, and two ongoing phase II clinical trials 

are evaluating this approach. The CompassHER2-pCR study (NCT04266249) led by ECOG-

ACRIN will treat 2,156 patients with stage II-III HER2+ breast cancer (both HR-positive 

and HR-negative) with 3 months of a single taxane with trastuzumab and pertuzumab. If 

pCR is achieved, patients do not receive additional chemotherapy and continue with HP to 

complete 1 year. The Decrescendo trial (NCT04675827) led by BIG will treat 1,065 patients 

with stage II-III HER2+/HR-negative breast cancer with 3 months of a single taxane, 

trastuzumab and pertuzumab. If a pCR is achieved, patients will not receive additional 

chemotherapy and will continue with HP to complete 1 year. The primary endpoint of both 

trials is 3-year recurrence-free survival in patients who achieve a pCR. In this context, 

HER2DX pCR score would allow an upfront identification of patients most likely to benefit 

from this treatment approach (i.e., those with HER2DX pCR-high disease), and could help 

avoid the need for treatment escalation post-operatively by identifying those patients that 

may need more than just a single taxane in the preoperative setting.

The de-escalation of systemic therapy may require additional prognostic information 

beyond pCR status. Our study revealed that the HER2DX risk-score provides independent 

prognostic information that goes beyond pCR status. Consequently, HER2DX risk-score 

may assist in identifying patients with low-risk disease, irrespective of their pCR status or 

whether they receive adjuvant T-DM1 therapy. These findings are consistent with a recent 

combined patient-level analysis of five neoadjuvant trials31, which found that baseline tumor 

size and nodal status were associated with survival outcomes in patients with a pCR across 

subtypes, including HER2+ breast cancer. Additionally, the current results are consistent 

with our previous findings from the CALGB-40601 phase III trial, in which the HER2DX 

risk-score was assessed in-silico using genomic signatures only, without considering tumor 

size or nodal status. In that study, the HER2DX risk-score was significantly associated with 

EFS and OS, independent of pCR status16.

Regarding de-escalation of trastuzumab, several non-inferiority randomized studies with 

over 10,000 patients32-36 have shown a small absolute reduction in risk of recurrence and a 

small absolute increase in risk of cardiac toxicity with 12 months of therapy compared with 

shorter durations (e.g., 6 months). Although decreasing the duration of adjuvant trastuzumab 
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has not been endorsed by clinical guidelines, HER2DX could help identify patients with 

very low risk of recurrence and low probability of pCR, who would be ideal candidates for a 

shorter duration of anti-HER2 therapy. In METABRIC16 and SCAN-B37 datasets, HER2DX 

risk-score has shown prognostic value beyond the use of trastuzumab. Thus, further studies 

could also determine the value of HER2DX to identify patients who might be cured with 

locoregional therapy without the need of any systemic therapy, including trastuzumab.

Our study has several limitations worth noting. First, the retrospective nature of this study. 

Second, the lack of a study which randomized patients to a single taxane versus multi-agent 

chemotherapy. Third, the lack of long-term survival outcome for most of the cohorts. Fourth, 

the fact that HER2DX was evaluated in-silico in the ISPY-2 and CALGB-40601 cohorts.

To conclude, HER2DX test results are associated with likelihood of pCR following 

neoadjuvant trastuzumab-based chemotherapy and might help identify patients with stage II-

III disease who are candidates for neoadjuvant HP in combination with a single taxane over 

multi-agent chemotherapy. Independent external validation of HER2DX in CompassHER2-

pCR trial is planned.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of HER2DX pCR score with pCR in the combined neoadjuvant cohort of 
765 patients.
(A) Univariable and multivariable logistic models to predict pCR (n=765). (B) Pooled 

results in patients treated with chemotherapy and dual HER2 blockade (n=431), with 

chemotherapy and trastuzumab (n=250) or dual HER2 blockade alone (n=84). (C) 

Pooled results in patients with HR-positive (n=486) or HR-negative (n=277) disease. (D) 

Calibration plots for the pCR endpoint. X-axis shows average predicted probability values 

for each decile, and y-axis shows corresponding observed probability in each decile. Error 

bars represent 95% confidence intervals of mean predicted probabilities. The diagonal line 

represents the perfect calibration, the dotted curve represents the estimated calibration, 

and the solid curve the corrected estimation after correction for overfitting (bootstrap 

validation with resampling of 1000 interactions) (E) Area under the ROC curve with 95% 

confidence interval of HER2DX pCR score to predict pCR in all patients (n=765). OR: 

odds ratio; 95% CI: 95% confidence interval; pCR: pathological complete response; AUC: 

area under the ROC curve; TH: Paclitaxel and trastuzumab; AC-TDM1-P: Doxorubicin, 

cyclophosphamide, ado-trastuzumab emtansine and pertuzumab; AC-TH: Doxorubicin, 

cyclophosphamide, paclitaxel and trastuzumab; AC-THP: Doxorubicin, cyclophosphamide, 

paclitaxel, trastuzumab and pertuzumab; HL: Trastuzumab and lapatinib; TCH: Docetaxel, 

carboplatin and trastuzumab; TCHP: Docetaxel, carboplatin, trastuzumab and pertuzumab; 
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THL: Paclitaxel, trastuzumab and lapatinib; THP: Paclitaxel, trastuzumab and pertuzumab. 

*A separate multivariable model has been performed using HER2DX pCR groups instead of 

HER2DX pCR score. To avoid multicollinearity, HER2DX pCR groups and HER2DX pCR 

score cannot be included in the same model.
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Figure 2. Association of HER2DX pCR groups with response to dual HER2 blockade and with 
response to multi-agent chemotherapy in the combined neoadjuvant cohort.
(A) Bar plots showing the pCR rates across the HER2DX pCR groups based on single 

versus dual HER2 blockade. (B) Forest plots evaluating the association of HER2DX pCR 

groups with pCR according to dual HER2 blockade administration in cohorts that compared 

dual blockade vs. single anti-HER2 (DAPHNe, BiOnHER and PAMELA cohorts were not 

included). (C) Bar plots showing the pCR rates across the HER2DX pCR groups based on 

single taxane versus multi-agent chemotherapy in the cohort of 367 patients treated with 

dual HER2 blockade. OR: odds ratio; 95% CI: 95% confidence interval; pCR: pathological 

complete response.
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Figure 3: HER2DX pCR groups association with clinical-pathological variables and with 
genomic and proteomic data from The Cancer Genome Atlas (TCGA) breast cancer project.
(A) HER2DX pCR groups ranking and association with clinical-pathological variables, 

type of treatment and therapy response in the combined cohort (n=765). Each column 

represents the information for a patient. (B) HER2DX pCR score was evaluated in 161 

HER2+ tumor samples from TCGA breast cancer dataset using the cbioportal21 data portal. 

Tumor samples were rank ordered based on their HER2DX pCR score (from low [left] 

to high [right]). Below the tumor samples with HER2DX pCR score data, DNA somatic 

mutation status in TP53 and PIK3CA, gene expression patterns of 1,283 genes, and the 

expression of HER2 and ER proteins (from reverse-phase protein array data) are shown. 

The heatmap reveals the expression patterns of the top 1,283 genes whose expression was 

found differentially expressed across the HER2DX pCR groups (false discovery rate<1%). 

T: Clinical tumor stage; N: Clinical nodal stage, pCR: pathological complete response. ICH: 

Immunohistochemistry, IGG: Immunoglobulin G signature, ER: Estrogen receptor.
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Figure 4. Event-free survival (EFS) by pCR status and HER2DX risk group in the NEOHER and 
PAMELA combined cohorts (n=268).
(A) EFS in the overall population by pCR status (n=268), (B) EFS in the overall population 

by HER2DX risk group (n=268), (C) EFS in the pCR population by HER2DX risk group 

(n=118), (D) EFS in the non-pCR population by HER2DX risk group (n=150). EFS: event-

free survival; HR: hazard ratio; 95% CI: 95% confidence interval.
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